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filtering. Furthermore, a novel analog-to-digital converter based on a modified pure

birefringence LCLV was developed. It can perform real-time parallel processing using
incoherent light, and it promises high data throughput rates. In addition, a novel device -7

that converts light intensity variations to LC grating period variations was fabricated,
and is currently being evaluated and improved. This device permits nonlinear functions to
be implemented directly without the need for specially made half-tone masks. Besides
nonlinear analog functions, this variable grating mode (VGM) device has demonstrated the
capability of performing digital logic. Logical functions are merely special cases of
nonlinearities.. A novel technique for spoiling the long-range order of the grating
domains has made a remarkable improvement in VGM response time from seconds to tens of
milliseconds. A theoretical and experimental study of the behavior of the liquid crystal
molecules in the VGM effect has yielded much information concerning molecular orientation
and thresholds. A study of the dynamics of grating formation and relaxation was carried
out in order to improve the VGM response time. In cooperation with USC, the final studies
of the physical basis of the variable grating mode (VGM) effect were brought to a close
this year.

We completed research on a novel optical method for dividing two images or arrays of
data in real-time. There are no other reported methods of optical division! Related to
this, two further inventions were conceived, optical matrix multiplier and an all optical
matrix inverter. The matrix inverter is the first invention of a fully optical system to
perform this important function with many system applications. Separately work has been
initiated in cooperation with Dr. A. Tanguay at USC on the general limits and
optimizations of optical systems. Another task pursued was the conception and
experimental demonstration of a new technique for subtracting images in real-time using a
single LCLV. This simplication of earlier subtraction schemes should prove useful in a
variety of fields including surveillance, robotics and inspection and control of
manufacturing processes.

During this program period we continued in a new and very important direction begun at
the end of the last period. We are developing an all optical associative memory using
holographic storage of the data base and phase conjugate mirrors to provide feedback,
nonlinear thresholding and gain. Associative memories can, for example, recall the
closest memory to a given partial, noisy or corrupted input addressed to the system. They
can, among other things, classify inputs and also heteroassociate one image with another.
We have demonstrated grey-level image recall and image recall with multiple stored images
from partial-image input to the system. We have studied the analogy between our system
and other neural network models of associative memory. We have also studied the
theoretical limits of storage capacity and signal to noise ratio of our model. %
Alternative concepts and devices that exhibit, like VGM, the fundamentally new and
important property of converting intensity variations into positional variations, but
which potentially are faster yet, were further investigated in this period.
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SECTION 1

INTRODUCTIONU
For the past two decades optical data processing (ODP) has

promised a vast increase in processing capacity and speed over

conventional electronic techniques. This promise has never been

fulfilled for several reasons, most notably because of the lack

of a practical real-time image modulator, or light valve, and

because optical techniques were almost exclusively limited to

linear operations. These restrictions have been removed by the

*development of the liquid-crystal light valve (LCLV) by Hughes

Research Laboratories (HRL), and by nonlinear parallel-processing

techniques developed by the University of Southern California

(USC). Thus, it is important to determine how successfully
Ma

nonlinear parallel-processing techniques can be implemented in

real time with the various LCLVs. In addition, other new optical

technologies, highly developed at HRL, such as four-wave mixing

and phase conjugation have inspired a novel research direction

for this program in the field of optical associative memories and

neural networks as models for computing. Here the phase

conjugation provides the desired nonlinearities..'

The implementation and evaluation of these techniques have a

direct relationship to current Air Force technology. Pertinent

Air Force interests include multidimensional real-time signal and

image processing with varied applications, including nonlinear

filtering for trajectory control and guidance, "smart" sensing,

picture processing, and bandwidth compression, image and target

recognition and symbolic processing. These technologies could

benefit substantially from the increased processing capacity and

speed that this research may yield.

In this section we describe our optical methods and the 0

motivation for studying a real-time application of those

techniques. In Section 2 we describe the progress made during

the current program year.
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Until now, specified nonlinear operations have been performed

only with great difficulty. Coherent optical techniques are

essentially restricted to linear operations. Digital processing

to produce nonlinear transformations is possible, but only in a

slow, serial fashion. Certain nonlinearities can be produced by

special photographic techniques, but the speed, accuracy,

reproducibility, and dynamic range of these techniques are

limited.

We have been pursuing different tasks to attempt to overcome

these shortcomings. The first made use of special half-tone

screens to modulate the input image in conjunction with coherent

optical processing. This technique had made it possible to

implement nonlinear effects when higher orders of the half-tone

diffraction pattern are examined by spatial filtering. Sawchuk

and Dashiell of USC have shown, using specially fabricated half-

tone screens, how a very wide class of two-dimensional point

nonlinear functions can be implemented with a large dynamic range

as a function of screen design and diffraction order. The

nonlinearities can be continuous or discontinuous. Operations

such as taking logarithms, exponentiation, level slicing,

intensity bandstopping, and histogram equalization can be

performed. We have expanded the half-tone screen technique by

substituting a real-time photo-modulated LCLV for the static

photographic recording medium, and we have successfully

demonstrated a logarithmic nonlinear transformation using this

technique. This transformation is useful for homomorphic-

filtering applications as we have demonstrated. In cooperation

with USC, we have also studied the performance potentials and

limitations of this implementation and how to iteratively modify

and improve the LCLV and half-tone masks.

A second general method which we have studied also overcomes

the limitations of serial or photographic processing; it employs,

in one realization, a liquid-crystal effect variable grating mode

". 6
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(VGM) that can, when incorporated into a new type of

photoconductive structure, automatically map image intensity

variations into positions in Fourier space. Filtering and

reconstructing can then yield many desired nonlinear

transformations of the image without the need for specially

constructed half-tone masks. A new additional parameter, the

intensity, has thus been made available for optical image and

data processing. Recognizing that logical operations are merely

a special case of nonlinear operations, we have demonstrated a

unique and highly advantageous optical computing scheme using the j
VGM technique. The VGM device is still in an early stage of

development and much material research and device development

would still be needed to make it into a practical, real-time,

reliable optical image modulator. We have discovered and

investigated a novel technique for spoiling the long-range order

in the VGM domains by modifying the substrates in order to effect

a remarkable improvement in the temporal response of the device

from the previous values of many seconds to the present value of

tens of milliseconds. Empirical and theoretical studies of the

basic VGM effect have been made, including the study of the

detailed optical polarization properties of the VGM optical

diffraction patterns and the minimization of free energy

calculations, with the goal of completing the modeling of the

molecular configuration of the liquid crystal system. The

results of these studies may result in the molecular engineering

of liquid crystal mixtures with more rapid temporal response.
The studies of the physical nature of the VGM effect are

. essentially done and were completed in this program period in

collaboration with USC. We are also studying alternative

practical realizations of intensity to positional mapping which 7]
may overcome some of the shortcomings of VGM, yet retain the

*i. great flexibility offered by intensity-to-positional coding.

We also had devised in the last period a method using LCLVs

to enable, for the first time, the entirely optical analog

7



division of two arrays of numbers or images, pixel by pixel in

real-time. This work was brought to conclusion with a successful

experimental demonstration. In addition a technique to perform

real time substraction using a single spatial light modulator was

also developed. K.

We began in the last period an important new direction for

the program, the all optical associative memory. This work was

emphasized in the current reporting period.
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SECTION 2

PROGRESS DURING CURRENT PROGRAM PERIOD

During this program period we pursued several new tasks.

Work was initiated in cooperation with Dr. A. Tanguay at USC on

the general limits and optimizations of optical systems. Also in

cooperation with USC, the final studies of the physical basis of

"* the variable grating mode (VGM) effect are being brought to a

close. Alternative spatial frequency to positional mapping

" schemes, based on gradient index beam deflection, were also

investigated in this period. A new and very important direction

for the program was taken with the inception of work on an all

optical associative memory using holographic storage of the data

base and phase conjugate mirrors to provide feedback nonlinear

thresholding and gain. Associative memories can, for example,

recall the closest memory to a given partial, noisy or corrupted

input addressed to the system. They can, among other things,

classify inputs and also heteroassociate one image with another.

A. OPTICAL ASSOCIATIVE MEMORY

In this program period we have developed a new task: the

research and development of an all optical associative memory.

Partial noisy or incomplete information addressing the

associative memory system will retrieve the closest stored

complete image. Our novel approach is in part to store multiple

3-D images or data bases globally in the holograms. Each of the

multiplexed images is stored with its own angularly coded

reference beam in the recording phase. In retrieving the

, information, retroreflection, nonlinear thresholding, feedback,

and gain are achieved with phase conjugate mirrors. A technical

discussion of our concept and the results of our preliminary

experiments are described in the following r-print of a recent

Optics Letters paper.

"..
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Associative holographic memory with feedback using
phase-conjugate mirrors

B. H. Soffer, G. J. Dunning, Y. Owechko, and E. Marom

I lughes Research Laboratories. 3011 Malibu Canyon Road. Malibu. California 90265

Received September 30. 1985: accepted November 18. 1985

We describe an all-optical associative memory system that uses a holographic data base. Phase-conjugate mirrors
are used to provide optical feedback. thresholding. and gain. Analysis and preliminary experiments are discussed.

The principle of information retrieval by association where a bar (e.g., A) indicates the complex conjugate 7
has been suggested as a basis for parallel computing of the unbarred function. ,
and as the process by which human memory func- The last term of this expression is essentially the
tions.' Various associative processors have been pro- convolution of the object b with the correlation of a
posed that use electronic or optical means. Optical and a. For most natural objects there is sufficient "
schemes, -- in particular those based on holographic phase variation so that if a is identical, or close, to a, %.
principles, 3.6.7 are well suited to associative processing their correlation provides a sharp peak and b is faith-
because of their high parallelism and information fully reconstructed.
throughput. Previous workers8 demonstrated that Multiple objects b, can be stored in a hologram, each
holographically stored images can be recalled by using associated with a different reference wave a,. This by
relatively complicated reference images but did not itself acts as a linear associative memory, so that a
utilize nonlinear feedback to reduce the large cross distorted &, can be represented as a weighted superpo-
talk that results when multiple objects are stored and sition of several a,, without discrimination. 2-3 To dis-
a partial or distorted input is used for retrieval. These play the image b, most closely associated with d,, one
earlier approaches were limited in their ability to re- needs to eliminate all other images, retaining only
construct the output object faithfully from a partial AA,B,.
input. A common use of associative memories is one in

Recently a matrix-based associative memory model which, given a,, one is interested in the determination
using feedback and nonlinear thresholding was de- of a,, the stored undistorted record, rather than in its -

scribed.' 9  The concept has been demonstrated for mate b,. The mate. however, is necessary to help iden-
one-dimensional data by digital computation as well tify the record i; thus, if the last term in Eq. (1) is used
as by optical means.' Storage of two-dimensional to readdress the hologram, one obtains
data (images) would result in a four-dimensional asso-
ciation matrix, making the problem much more diffi- AAB A + B I: = AB AL + IBJ 2)
cult to handle electronically or optically. + AABAB + AABAB

It is the purpose of this Letter to present a parallel = AA.B( I A + I B 12) + (AA)I B 12 A
optical associative memory system with feedback that + AA-B-. (2) .
is implemented with holograms and nonlinear optical
elements. The global memory. a hologram, is capable Note that for most objects a and b, their phase
of storing multiple three-dimensional objects, thus variations will result in uniform intensity distribu-
overcoming one of the limitations of the matrix-based tions IA I- and I B I at the hologram. These terms will
approach. The nonlinear interaction is achieved by only slightly alter the transmitted amplitude, leaving
using phase-conjugate mirrors (PCM's) to provide the its phase almost unaffected. (If A - A the phase is
regenerative feedback, thresholding, and amplifica- perfectly regenerated.) As a result the underlined
tion mechanism. term represents a close restoration of the field distri-

The formation of a hologram involves the exposure bution A, which in turn reconstructs object a. It
of a light-sensitive medium with two coherent wave should be noted that this discussion treats a single
amplitudes A(u, v) and B(u, HI generated by two ob- image recorded on a hologram, analyzed in a linear-
jects a and b. When the hologram is irradiated by a approximation model. If multiple images were pres-
complex wave front A(u, v), which is a distorted or ent. the analysis would show that there is poor dis-
incomplete version of A(u. u), the amplitude transmit- crimination between the desired image and the cross
ted by the developed hologram is proportional to terms. The addition of nonlinear elements that pro-

vide thresholding and feedback improves the discrimi- -:
AIA + B12 f Ai 1I41[ + I B I + A.44 + AAB, I1) nation, as described below.

10
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-, Psaltis and Farhat4 in a recent paper briefly de- BE.AM

scribed an associative memory scheme based on a two- M,,

hologram configuration. The thresholding element is
in the image portion of the loop, similar to Hopfield's , 'ASE

approach. ____ GA1- P

In our system we combine the principles of holo- IMAGE BE AV
graphic memories and PCM's to implement a novel SPr-E P8EA

nonlinear holographic associative memory. Only a
" single hologram is needed in this configuration, and it INPT%

is simultaneously addressed by the object as well as by IMAGE

the conjugate reference beams, the latter acting as the
key that unlocks the associated information. PCM's
are used for beam retroreflection as well as for gain Fig. 2. Schematic of experiment that demonstrated the

* and thresholding. This provides the necessary non- complete object image reconstruction from a partial input
linearity, emphasizing only the strongly correlated sig- image.

nals.
The memory consists of a hologram in which a ever, between the input &, and the stored object a.

stored object, a,. is written using a plane-wave refer- The translational alignment accuracy required can be
ence b,, as illustrated in Fig. 1. The two legs of the reduced by utilizing a Fraunhofer (Fourier-transform)
memory consist of a reference leg and an object leg, hologram. The Fourier transform of most objects has
each with its respective PCM. A partial or distorted a large zero- order term, placing a large dynamic range
input object & generates a distorted reference beam b,. requirement on the hologram to avoid distortions of
The distorted reference b, is focused by the lens onto the stored object. However, such distortions may be
PCM 1. PCM 1 is a thresholding conjugator, e.g., a desirable since the relative reduction of the zero-order
stimulated Brillouin scattering cell or a self-pumped term will result in the enhancement of high-frequency
photorefractor. The desired plane-wave reference components, i.e., edges, which will help to orthogonal-

- - component of b, forms a bright spot on PCM 1 (PCM 1 ize the stored objects and improve discrimination.
is in the Fourier plane of the lens). PCM 1 will select The use of BaTiO:, as a PCM also has been shown to
this bright region (thresholding), conjugate it. and re- provide edge enhancement. 10

flect it back toward the hologram as a partially re- A possible variation of the system would be to use a
. stored reference b,. This partially restored reference spatially modulated reference beam in the formation

then illuminates the hologram and generates a partial- of the hologram. For example, the stored object a,
ly restored object a, which is conjugated and reflected could serve as its own reference beam if a beam splitter
by PCM 2 back to the hologram (without threshold- were employed in the proper location. Furthermore, a
ing). The round trip is then completed and the cycle different object could serve as a reference, resulting in
repeats. The image restoration proceeds at a rate a heteroassociative memory.
governed by the phase-conjugate resonator's response We have demonstrated in preliminary experiments
time. the total reconstruction of an image when only a par-

If the combination of PCM 1 and PCM 2 has gain tial image addressed the system. This was done in the
comparable with the losses in the system, the output single-pass configuration shown in Fig. 2. which con- ,
w" -onverge to a real image of the complete stored sisted of a single-image hologram, acting as the memo-

-: object. If a fixed hologram is used, many objects can ry element, and a nonthresholding PCM. The holo-
be stored in the hologram by usin.g different reference gram was recorded at 514.5 nm using a Newport Cor-
waves. The memory will then select the stored object poration thermoplastic holographic camera. The
that has the largest correlation with the input object. PCM was produced by degenerate four-wave mixing in

The object and reference legs are self-aligning with the photorefractive crystal BaTiO ,. Typical parame-
respect to the hologram because of their phase-conju- ters for PCM operation are wavelength 514.5 nm; for-
gatenature. There isan alignment requirement. how- ward and backward pump fluxes 3.3 and 11.5 W/cm-,

P, respectively: internal pump-probe angle 260: and in-

ST0QED P.AE AA ternal angle of grating k vector to c axis 130. The
QEERE CE BEAMS hologram was generated by recording the interference

PA T AL " of an object beam[a transparency of four geometrical
%- EcT - shapes (Fig. 3A) and a spherical diverging reference

beam at the hologram plane. On illumination of the
- B S..'s hologram, or of part of it. by the object beam, the

'•'.co ., " .diffracted beam propagating in the original direction
B,E" ,of the reference beam becomes the probe beam for a

3 --'P_ T 1 degenerate four.wave mixing (DFWMv I system. The
E %S signal generated by DFWM is the phase conjugate of

the probe, i.e.. the reference beam propagating in re-
verse. When the DFWM signal illuminates the holo-

Fig I Implementation (it an associafiSe hl,Iraphit mere gram a portion of it is diffracted, recreating the obect
orv using PCM's beam. This recreated ohbect beam has all the infor-

bL
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120[

adiusting the loss in either path. The loss in either
leg. introduced to simulate threshold behavior. .

-"changed by placing neutral-density filters between the
output coupler and the hologram. By measuring the
power in each leg it was determined that in stead\
state onlY one leg oscillated at a time. This can he
explained by the tact that in the conjugator the t%&,,

- resonator modes overlap physically and are competing
for the same gain region. Therefore the mode with -'-
less loss builds in amplitude at the expense of the

A 8 other. In additional experiments we have operated a

Fig. 2,. Experimental results: A. image t,red in mtnilmor. B. double-PCM resonator by replacing mirror I shown in --

incomplete input image: C. associated urput mraze I reileit Fig. 4 by a second PCM.
ed by a mirrorl. An all-optical associative memory employing a holo-

gram in an optical cavity utilizing PCM's has been
described and initial experimental results presented.

---- The PCM's provided nonlinear feedback, threshold-
ing. and gain, improving the selectivity and stability ot

-E the memory. The reconstruction of an object from a
partial input was demonstrated. Using simple plane-

.~wave objects. we have shown that, by adjusting the
- -"-threshold, either one or both objects could be made to

S- - build up in the PCM cavity, demonstrating that the
memory is nonlinear and selective. The recording
medium could be replaced with real-time media such
as photorefractive crystals. Thicker recording media

Fi4 4. Schematic of experiment that d,.non* trated ,,pera have the added advantage of higher angular selectiv-
"" . e e r aity. thus permitting greater discrimination between
tion ot a phase-conjuate reonator %ith multiple intra- images and storage of a larger data base.
cavit% holographic iratings.

We thank C. I)eAnda for technical assistance and T.
mation originally contained in the input image. Thus. O'Meara, D. Pepper. D. Psaltis. and G. Valley for help-
by using the input of a partial object image (Fig. 33B. ful discussions.
merely one of the four geometrical shapes, the entire This research was supported in part i1y the U.S. Air
object image of four shapes was regenerated (Fig. 3(i. Force Office If Scientific Research.
As expected, the system did not reconstruct the object
image when the input object was translated from the
original position at which the holoLcram was recorded. References
This verifies that the complete output ,object was in- I--

deed generated by the incomplete input object and not I F,, a re-7e ,'I the Muhct -ee T hinen .'; (Ir',,. "
by any other beam. :ri n a ia A.. :1:: .. \I.'.r, ,Springer Verlag. Nev%

" " -,,rk . 19).,,4 1.
In order to simulate thresholding and address the 2 H C. .. n~iuet Htin,. Nature 217. D114196; ,i

issue of angular multiplexing of objects, we demon- 1) (;ahor. IBM .1 it- I)f.e . 13. 1 -1-; 1969h 1,
strated that a phase-conjugate resonator can operate 4 1). I'-alt- and N. Farhat. in I '.C, rir',,, l)ci,
with multiple intracavity holographic gratings (keep- ,International ( i,,irnniuis n t.r ()ptic.. Amsterdain.
ing in mind that a hologram can be decomposed into a 19,4i. paper A-
set of simple gratings). The gratings were made in .-\ I). Fi~.her and 1 . in :h'r ,,, iirif. ,hr I fli-.
dichromated gelatin and had a -60' diffraction effi- Cr.i (,,mp ' Initu ti t [F iectrical and iLet
ciencv at 514.5 nm. The resonator, shown in Fig. 4. trnic Eniineer-. Ne" Yrk. 1--o. p 42
consisted of the phase conjugator (a pumped crystal of 1 ; .1 Il)innniz. F la: im. ' tI hk,. and B. H .%,tir.
BaTiO with a small-signal reflectivity of 25), an intra- I . (pt S A i A 2, t i. 55, PI II,-, I

cavitv hologram of two superimposed gratings, and R. .1, Ilier and 1\. S ,neunui,.ihi. App , lhv, . tt s,
two output couplers normal to each of the diffracted , 9fo;
beams. The resonator could be made to oscillate be- 14 .1 .1 Hoptield. Pr, Nat I A, d c I .\ 79. 2.-,?4 I ',2
tween the conjugator and either output coupler by 1, I Veinler.I )pt Lot t .. .I I l I
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We have in this period demonstrated associative recall from a

partial image which has a large gray-scale range. We have also

demonstrated associative recall with two separate images stored

in the hologram. In addition we have made a preliminary study of

the analogy of our method and model to that of Hopfield,

comparing and contrasting the two. The technical details of

these studies are described in the reprints of the several

presentations on this subject we have given and their abstracts

are produced here.

OSA Annual Meeting, Washington, October 1985

All Optical Associative Holographic Memory with Feedback
Using Phase Conjugate Mirrors b -

by

G.J. Dunning, E. Marom, Y. Owechko, B.H. Soffer

Hughes Research Laboratories
3011 Malibu Canyon Road

Malibu, California 90265

ABSTRACT

An associative holographic memory utilizing phase conjugate
mirrors as a nonlinear feedback mechnism is described.
Addressing the system by a partial or distorted version of the

stored data generates the complete version most closely
associated with that input.
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All Optical Associative Holographic Memory with Feedback
Using Phase Conjugate Mirrors

by

G. J. Dunning, E. Marom, Y. Owechko, B. H. Soffer

Hughes Research Laboratories .

3011 Malibu Canyon Rd.
Malibu, California 90265

SUMMARY -

We propose to use a hologram as a storage medium in an al I
optical feedback configuration which includes phase conjugate
mirrors. The associative properties of holograms have been
suggested earlier by Gabor. Addressing the system by a partial
or distorted version of the stored data generates the complete
version most closely associated with that input. The phase
conjugate mirrors are used to form an optical resonator,
containing the hologram, with threshold adjustment such that only
the strongest reconstructed image and its corresponding reference
beam are fully reconstructed.

Because a hologram can be decomposed into a set of single
holographic grat'ngs, we demonstrated that a PCR (phase conjugate
resonator) can operate with multiple intracavity gratings. The
resonator consisted of the phase conjugator, BaTi0 an1 3,
intracavity hologram of two superimposed gratings and two output
couplers normal to each diffracted beam. The resonator
osci I lates between both output couplers unless there is a
different loss in each path. By adjusting the loss and
therefore, the threshold, either leg of the resonator could be
made to oscillate.

To replace permanent holograms, the use of photorefractive
materials for real-time adaptive associative memories will also
be presented.
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Optical Holographic Associative Memory Using
a Phase Conjugate Resonator

G.J. Dunning, E. Marom, Y. Owechko, B.H. Soffer

Hughes Research Laboratories
Malibu, California 90265

Abstract

An all-optical fully parallel associative memory system is described which utilizes a
holographic data base. Phase conjugate mirrors are used to provide feedback, thresholding,
and gain. The memory is compared to the Hopfield neural network model of associative
memory and preliminary experimental results are presented.

Introduction

A large body of research work in the area of neural network modeling has demonstrated
* the feasibility of associative memories based on systems of distributed and interconnected
" memory elements with nonlinear feedback. 1' 2  Such associative memories have several useful

properties such as reconstruction of an output from a partial input, heteroassociation, and
relative insensitivity to damage or modification of the individual memory elements since
data are stored globally over all the elements rather than locally. The self-organizing
properties of randomly interconnected neural networks with connectivity and nonlinear
feedback have been suggested for information processing applications such as pattern
recognition, image understanding, and robotic vision. The ability to reconstruct a
complete stored data sequence from a partial or distorted input "key" may have application
in rotation or scale invariant image processing.

A recent neural network model suggested by Hopfield 2 has been implemented optically. 3

Optics is especially well suited to implementation of such distributed associative memories
because of the large degree of parallelism and interconnection capability. Nonlinear
thresholding, necessary for the associative behavior of the Hopfield model, was implemented
optoelectronically in Ref. 3.

Close examination of the Hopfield model shows that it is analogous in many respects to
holography, which in itself has been utilized as an associative memory.' Input binary data
vectors are multiplied by an association matrix, Tij, which is formed from all the stored
vectors. This matrix represents a linear transformation and is analogous to the

u diffraction of wavefronts involved in recording and reading an optical hologram. It will
be shown below that the Tij transformation is similar to the cascaded correlation and
convolution operations involved in reconstructing a wavefront in conventional holography.
The additional features of the Hopfield model which are lacking in conventional holography
are multiple iterations, feedback, and thresholding. These features improve the signal-to-
noise ratio and tend to force the output to one of the stored states. The nonlinearity of
an associative memory is a key advantage over a simple correlator. It allows the
quantization of intermediate results when several stages are cascaded. The quantization of
intermediate results has been shown to greatly improve the net signal-to-noise ratio of
cascaded systems.'

Holography has potential advantages over optoelectronic implementations of associative
memories because of its high information storage capacity and an ability to store three-

'- dimensional wavefronts, including both amplitude and phase information. In the following
sections we discuss the similarities and differences between holography and the Hopfield
model In addition, it will be shown that nonlinear thresholding, iterative behavior,
feedback, and gain can be added to a holographic memory by placing the hologram in an
optical cavity formed by two phase conjugate mirrors (PCMs) . Such a configuration combines
the advantages of holography (full all-optical parallelism and high information capacity)
with the nonlinear error correction properties of associative neural nets such as the
Hopfield model.

Analogies between holography and the Hopfield model

ho In the Hopfield model, M binary vectors, vC* ) , which are N bits long are stored in a
matrix, T , defined as follows:

T (2v (m)- l)(2vm) - I) if i~j, 0 otherwise
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;, r- -= s- , - . . . . . .

The vector components, v, ( -) , assume values of 1 or 0, and the corresponding stored
components (2v;(' -I) assume values of I or -I. If T. is multipl:ed by an input which is
a partial or distorted version, ' , of one of the stored binary vectors, the bit

0 is an estimate of the stored bit (2v, 0'1)

? LmO)= T..v.(mO)
Sij 3

(m l) ( m) (MO)
" ; (2 Il} . 1(2v -Ivv.

= N N (2v (mO) 1) 2 (m2 ') I (mO)-
a mm0 i I . :2v -1)v.

where N is the ruimber -f is in 0" ' which match v . and Nb is the number of is ..h:ch
do not match A thresholdang operation on v Improves the signal-to-noise ratio The
first term of the anove equation is t-he desred store- vector ^nich has the largest inner
prod"ct or correlation" with the inp-'t vector This is analogous to holography in 'ich
it can be shown that the input %avefront is correlated with the storea wavefronts an- the
result convolved with the ccrrespono:ng output wavefronts. As in nolography, the
correlation value is dependent on the form of the stored data, although in different ways.
In particular, the factor N. N, m.lt pying the desired vector is not dependent sc.'v on
tne Hamming distance of the :nrput vector from the stored vectors. rut :s also depedrcent on
the number and distribution of is ;i. t ,e data For example, if toe stored vector is
11110000 and the input Aori is 11111111. tne Hamnming disance is 4 .ut tnp "corrPL' i on
val.ue" N s-N is 0

An interesting feature of the Hopfield model is that the complement of a stored vector
is also an eigenvector of the system. Note that for an original stored vector N. is large
and Nb is zero, while for its complement N. is zero and Nb is large and equal to the N.
value for the original vector Both the stored vector and its complement maximize the
absolute value of N,-Nb and thus are eigenvectors (stable states) of the system. The
analogue in holography is that if the waveiront A reconstructs B, then by invoking
Babinet's principle it can be shown that I-A, the complement of A, will reconstruct 1-B,
the complement of B.

If the diagonal terms T;j of the association matrix are not set equal to 0, a third
term appears in the last equation which is a reproduction of the partial input vector.
This term is analogous to the zero order term in holography which leaves the addressing
beam undeflected and multiplied by the autocorrelations of all stored images and reference
beams. In the Gabor-type on-axis holograms, the zero order term is superimposed on the
image itself thus degrading its discernability. This confounding superposition would have
occured in the Hopfield model as well if the diagonal terms had not been eliminated.

p.

The Hopfield model can also be adapted for heteroassociation by suitably modifying the
T., matrix. In heteroassociation an input vector recalls a completely different stored
vector. The corresponding heteroassociative properties of holography are well known and
routinely utilized.

The second term in the last line of the last equation represents noise from the
correlation of the input vector with the undesired stored vectors The mean and variance
of the output can be easily calculated and related to the signal-to-noise ratio before
thresholding. If it is assumed that the vector components are statistically independent
and the number of Is in the stored vectors is approximately equal to the number of Os
(expectation value of T, is 0), then the mean and variance are given by

- E -, (mO) - (N N (2v(mO
a t i

2 o 'mO' 2C =E v"

I' ~ o(V 2v m lin 2v(m )  (in (mO) (mO)-

""2v 112v 182v -Iv v
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Because of the assumed statistical independence of the vector components, all of the terms
vanish except for m=m' and i=j' so that

02 = E ( in) 22vm,, _2 (MO) 2,C E~ ( 2 i 1 '2v vj

,M- I)Na- N )

where E denotes expectation value and (N,-Nb) is the mean number of is in v (  
.

) The
variance is independent of bit position 1. The signal-to-noise ratio before thresholding
'which is the same for each of the N bits of the recalled vector( :s given by

N N.
S.lR = a

0 -M I) Na - N.)

The above result reduces to that in Ref 2 if N.-N 2 and Nb=O. This, however, may not
always be a good assumpti:-- If tre stored aata are nonrandom and there is some
correlat:on between componerts of the stored vectors ,expectation value of T not equal to
0, then the mean value c: tne output is g:ven by

(N - . 2v mO -l', - (tMO)
I 'a V r " i "

(N- Nr mO) M1 'MO)

where f, is given by

ffm; = E ,2v m ) - 2v ( M )

and is a measure of the statis:'cai correlation of pairs of bits within a vector (assumed
in the interest of simplicity to be the same for all stored vectors) as a function of their
separation, i. Statistical correlation between neighboring bLts results in a nonzero f, -
Thus for "nonrandom" data a new error term appears which is tne input vector convolved with
f, -A corresponding expression can also be calculated for t-.- variance which includes the

~ effects of statistical correlation between neighboring bits

0T2 (M 1)"N N) 1 (M2  3M 3) f .f.. f..,
4 " , - J 3-J

T v e (M2 _M) F f. f.

• •44

The variance is again independent of bit position i because we have assumed that f,, is a
function of separation i-j only and not position The variance is increased oy a large
amount and the signal to noise ratio decreased) by such statistical correlation. The

*. performance of the Hopfield model is therefore very dependent on the randomness of the
stored jata In some applications such as image storage strong statistical correlations
wil exist between the components of stored vectors In such cases it would be necessary

, to utilize a "randomizing" transformation of the iata in order to use the Hopfield model
This is again analogous to holograpny in which the quality of reconstruction is improved by
using images with a sharp autocorrelation peak and uniform cross-correlation functions.
Diffusers are often used in holographic systems to randomize the wavefront at the hologram
and improv- the reconstruction quality 5

A fiffi-u' " ' t . rarf r:' " .' R : In, I 7, -!" ir " . t o tica i 1 oma.n :
:ts re.ative storage n:f:-. -

'
,  , ,1 - arox:ma y r1_ for one-di'iensiona"

*r- ir amnr oa
matrtx, T n a a 7-ditmn ':-g 1, qta'.s-----~r awKWard ISng
qi a'.al . ig modu atcr *." .r a.c-c., 7=M ,- a "- - r nno ograpny. ,A

"a;s sc x .r above to ext. i -* c-i-..............., . 'o "f , a I I a I 'vp M o rv A : 1. 7
mec ; : Io ,v lJ iI 1 M r) r. a :' ; I , . ' ; .1 A : . ' t ; : A, K . I!,1 L.f', , I1 a

e. a' -rs c .e-ra C 4 - . . , _ -N vSe featrrs c: neura. :ct.;cr< =cie.5 P':..i,- :, . ... ;,=t ... Jr :o:r -ave m::~ ;.[
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% Holographic chase con uate ass oc ative memory

An implementation of a nonlinear associative memoryI r a se oo n a nagam s ta'e is

Scavity formed by two phase conjugate mirrors iPCMs' is :i'l"iqrate-l :.n r:,re
another proposal for a nonlinear holorpi a ss ocia t~v i emo rv o,_r ~ceett
requires on~y a single hologram wcn is s:muutaneau.siv a6ndressea n.' ne :nr"utsa'rtIand by reconstructed absent and reference %avefronts w , icn were -se: :n reccr-ing 5
hologram. PC.Vs are usen for beam retrore!.ection, gain. ani 'nresnc<.:ing T-Is;r:-'

Cthe necessary nonl1i near i rc whi cK ffavors *tne S; rrfg* -arre' a -mte sgsfl a,,. fa-rcec 'e

system towardi a stable state. The use of' PCMs also resu-ts irn :.e a_ omatic self a:n~n
of the object and reference wavea-rnts wlth: resrec:, to tn-e :c ogram, el-minatrg ss=m~-'
t-he crit~ca: alignments necessary in thIe tAo ooga anproaon.

The memory an-s o a .7lora Is: Arias, a s' oe r-ert, , a :.s xr Iten )S:5 z 7' V

plane wave reference. r.as a1 i 1et rateIc r sn F g':rc I Pu :ce PareIt are A'' i

sequent ia: 1y orto t ne floograt. ear-n asscia-ec wi-tr a oi ncer: ang';arr;, ser~ara'r a,-
wave reference T.-. t 4, n~R 'te memory% c-, r st.a: a re:'r Fo -a as.: a" o - - V.

eachi with :ts res~e-tt:Ve PCM A part..' it Or;os-artec irrut c-c' a . generrateS 2 r-r ,
reference rceams. K The wav-e~rcrt t- ss aueo cx- te ers ,7- P CM 1 PCM ( M.~
hre sho: for* rnuatl:r. ani may. for example' easl ~pc;~trr~~ecvh

or a st iuliat ea Bri z n st a' 'ecring cl e' Since PCM, is - ear
:ens. th~e o.es'ea ::".e- Aaxe r,-erereP co-morent a:i- : Orm a( t .. 1 s.V

tur n x: tr ec' s a n- ccni , ~ga te th ne Qae s r eo ca,,.e wAa,,erY
noo:cgr am as5 a r *vrs'- -ed con-ugateo reference, r b
retererasp tre ec- i 7 :*P e 'nologram and generates a a cc

an:or s cr~ua'n ni PCM 2 "arK to :ne nolo, gram P CM 2 -'c-'r

ream arc ma% r~ -x'e-na, v pu.mpedJ photore: raclvp n'-s a 7~0 J

trer opme a'- ', repeats wttn an Ipoeet:ae "- 5a

rrcseea .15a A- oz he: PC M cavity resporsl. ....... -' a....
P C Vs 'i; ar a - 'n cr'e 6, c" av,.t , s a7zs

crec,7 ra.- mages of the storec: c:--!sa:r '- argcct, rr,

* (i e''c- agn '-' -- ear aso:a:~nmre- -,. Ho- i -a 0m: . am

*at-ig i r in %-e 7-, rence b~eam r-at ner te-- cam Theot
* ~ ~ trere'+o- -a7- a A- :na7, graY-scam i:mag

0 -sr: 7- salh

c:racess A 'e'na' :%- v amx'-e-aon an ce rerformec, on- - -am -aea'f ~ .

of two -ime'sin' . -:.nr images is :iesicec 1::e mecorv m,,! i-.a a!,a.gu t

h'e Hapf-!,I mace, T'ne memory can amac be usec c ees. f7tm: n a p art.a.
*input or-eat cecals IF a m: .ete vers,,on of a c0Ireto- car srePsncc n o,7-',a-.

'nae reserences tre er.,s :n F-.gure 1 zr:I Iage terea-ct .- e ant:. CY 1 s cna, s za' :i.
tnresromting can cc perccmea Tre cesol+ut1ton o0 '. sx-Istcin -m -' c c amtcc t

-rS Sta K ctw-n pxe s a'I', PCY

The os'e- anc_ re'e 'egs are. se'la g g 7. cc-.'tmh.gtm-- _

the PCMs. Ar allignment rec'emr xists. oc'r ct Z~c :.:.a rctcn pr-I M

Th rarss a-nra: al sgnmer' ;-ra~vr--:r -a-r rec 7' 7v F' :

'rans:- . " ga

* Two regimes -7-r-ratc ar'- ce5a r'tmass a x-rtr 55S'
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for an associative memory. Therefore. either reanout must be performed on time scales
comparable to the cavity response time (before steady state is reachea. or means =s .
provided for mociification of the gain by the input. For example. a two-wave mixin~g

4.photorefractive crystal operated in the counterpropagating mcee an-,octe in . '

reference arm as shown in Figure 3. would impart a .arger gain to tne stronger refcrince
component By proper orientation of the crystal, tne reference component prcpaga':7 '
toward PCM 1 acts as a pump for the conjugated reference copo-rent propaga-ing 'acK ',arI

the hologram Since the two counterpropagating reference co~rponents are con':,gatps of ea-:
other, their overlap in the crystal is maximized. Anicn ennances energy transter ret .Aeen
them Therefore. the strongest reference will have "arest ga .n, an': -.Sas " a'
stored object will be favorei to oscillate Al'ernattvely. v t' ,)-wav% - :'-g 'rv'a
could be located in the o5bect arm, but in this rase -ne rea-c': ocnect may re iis-crt-i

The holographic phase con'gate associative mpmerry -an nave gain !n the "na!' i
amplitude can be greater than the inout. Therefore. it may ce possi:.e tnat severa. s;-n
units can be cascaden cr fanned out to form more comp" icateo "trees" for higner cr1r
computing such as symnolic ma.Ip':ation Th.e error correcting -apart" :ty of non" ;n-ar
associative merTtnies is necessary for s'uch structu-res

Experimerta. results

Our experimental arrangement Figire 4 was a stng"e-pass. nonlera,:v- qysteO
consisting c,. tne hologram ann a phase con: igate mirror Tne ncogram was var o: .
Newport Ccrrorat.:on thermoplastic holographtc camera. The pnase con-ugate m'rrcr '.as
prod,:ced ny eg nerate fo-ir wave mixing :n te pnotorefract:ve crystal BaTi0 3  Tb"
hologram was generated by recor-ing tn Prterference o- an otec' neam. a s.ng'.-
transparency con, isting of four geometrica snapes in contact 'A,.n a c-:':ser
'Figure 51a' ., and a spher:cal 4:verg.ng reference -eam Upion :"um'latlon of t -" c-'gram
by the object beam ior part o:, it. tne i::iracted beam propagatng I.7 t-e oa:gina
direction of the reference team necomes te prcoe team :or a iegenerate to'ir wav- ,r:×:< n
'DFWM) system The signal gen-'ated by DFAM is tnr phase cor'"-ae o: tne p're _
propagates back t'Aar! the n' gram ann recreates the orject neam Ts r,:rea; c''.
beam has all of n sne Tr. format i -r ig nally conta:ned in F,; mp :age T-yef'r-, -v
using a partia. input. one of t.e geometric snapes .Fgure 3 tr.e eotr
Image of four snares was regen--ateo Figure 5c)i As Pxpe'-i. ,r
reconstruct the or.ect image o,- tetinpt ohnect was trans. :*'e- ro n e or : ,a"
position at wn:ch the hc~cgram "as recoraed. This vertliea -:a- 'ne com.ete out' , 'ct
was generated by the :ncomplete 'nput object and not ny a y -'. am ifgh reso-ut .n
gravscale images have also been reconstructed using tnis sy-

In one implementation of the associative memory m':tipl are stored :s-ne
angular multiplexing of plane wave reference beams As a fir- -ep towarn m
storage. we nemonstrated in another series of experiments tuat a ,nase cat, .gat r a"
cavity can operate x'tn a noiogram :ormed with multcipe plan e oz.ects. Plan' .. .-S
were used to form grat :ng, in a :chromated gelat;tr nograc 3' X'5o i V 60-
diffraction ef: i-c1er' v T'- r-sonator, sr-own in r:g'r b. g'-, r- "''-n3
p'mped BaTiO3 . an Intracav i hologram of two sjp-r:mnose gra -

couplers norma- ' eaf'_" ifracten beams T:.e re e c -'i F'" M ; .
enough to overcome ct. p o ca .sas so '-eration -as r te- '- '.'- '2 P -
greater than 1 T" reso na :r ne made to oec a Iat .'. ,'' ,. - -

cc'up er ra - " r," r a n. .a; .g " -7 :" n 7n I 1 .
nenst'v :''-rs to e r r' ,,'', "p. r ar ". ' ~ : ,': 7 . : . . ,: ":,. . ''

Zt -:.ytng3 gain a" . as a'.- -- a n n

it A'as Z. erm_:n -. nn 'he "n '' " ' .' t .r[ -r." .e& -'" . . . . -: o" , "

e o o s',atr moe, -vy :. : "a . a: : . : I ' .,2" - "' , ,

opPrate-i a "aviv w'' ' ."V. " . n , inr'r v t ., .w* A 
'

"'urmmarv?

formed by prase -' , . ' - . .., . it.: , . .1. 4:
neura. netaorK 2e .s_-',: "" :.as :*'-: sr.'.. . .i'' mst: t'a -- n
the nonlinear feea- . " '.... . . , .: K - r . .r 3

model. The experm-" 'a '- '- ; . : : . ",' '- :
" ilng a s g ras -, . ' ' ' i 7 z ' r

r.c.ogram., . ,a' '. " . . .: ik" " "
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a necessar% pr, r
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Abstract

U Associative recall of grayscale holographic images with gain

and selectivity is demonstrated using phase conjugate mirrors for

thresholding and feedback. Analysis is presented for both device

and resonator cavity thresholding.
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ASSOCIATIVE HOLOGRAPHIC MEMORY WITH FEEDBACK

USING PHASE CONJUGATE MIRRORS "-

Y Owechkz. G. J. Dunning, B H. Seffer, and E. Marom-

Hughes Resear-h Labcratcrie-

3011 Mal ibu Canvon Road
Malibu, California 90265

Background:
Associative memories and associative processiny have many

applications in symbol ic and parallel computing. Optical
schemes, in particular those based on holographic principles, are
well suited to associative processing because of their high
parallelism and storage capacity. Previous workers 2  have
demonstrated that holographically stored images can be recallea
using relatively complicated reference images. In this paper we
describe the use of phase conjugate mirrors (PCM's) to improve
the selectivity and performance of a holographic associative
memory by introducing gain, feedback, and thresholding.

Associative properties of holnarams
The formation of a hologram involves the exposure of a light

sensitive medium w'th two coherent wave amplitudes A(u,v) and
B(u,v) generated by two objects a and b. When irradiated by a
complex waveTront A,(u,v), which is a :,storted or incomplete
version of A(u,v), the amplitude after the hologram is given by:

A d IA+BI A Ad (A +BK) + d AB*+ A dA*B (1)

The last term of this e>pression represents the -

convolution of the object b with the c:rr-elation of ad and a.
For most natural objects there is sufficient phase variation so
that if ad is identical, or c lose, t: a, their correlation

" provides a sharp peak and b is faithful ly reconstruc:ted.

Multpiple objects bi can be stored in a hclogram, each
associated with a different, reference wave a This by itself
acts as a linear associative memory, so that a distorted ad' can
be represented as a weighted superpositioi cf several a , without
discrimination. T,-, display on y the ,b!ect. b most closely
associated with ad;, thresholding Is required to pass only
adiai b . Another usetul app I catior, cf ar, associative memory
is the generation cf a complete stored cbiect a from a partial
version of the otie,- a,. It. can be showr that If the last term
in Eq (I) is used t. readdress the hologram, a complete version
of a is generated In the ne)t section .t will be shown that
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PCM's can be used for the readdressing function and in addition
provide gain for cascading associative modules and thresholding
to improve the selectivit).

Holographic implementation of an aesociative memory utilizing
phase conjugate mirrors.

The memory consists of a hologram in which a stored object,
a;, is written using a plane wave reference bi , as i I lustrated in
Figure 1. The two legs of the memory consist of a reference leg
and an object leg, each with its respective PCM. The two PCM's
form a phase conjugate resonator cavity with the hologram
determining the transverse mode structure. A partial or
distorted input object ad; generates a distorted reference beam
bd; . The distorted reference bd is focused by the lens onto
PCM 1. PCM I is a thresholding conjugator, e.g. SBS or self
pumped photo refractor. PCM 1 thresholds bd, conjugates, and
reflects it back toward the hologram as a partially restored
reference b i . This partially restored reference then illuminates
the hologram and generates a partially restored object a i which
is conjugated and reflected by PCM 2 back to the hologram
(without thresholding). If the initial gain exceeds the losses,
the system will osci I late as a resonator. The restoration

. proceeds at a rate governe by the phase conjugate resonator
response time. If a fixed hologram is used, many objects can be
stored in the hologram by using different reference waves during
recording. The memory will then select the stored object having
the largest correlation with the input object.

In the above system the net gains are approximately equal for
all the stored objects. Discrimination is accomplished by
utilizing the threshold characteristics of the PCM. It is also

possible to discriminate between stored objects by modifying the
gain for a particular object according to the input and utilizing
the cavity threshold for oscillation.

A possible variation of the system would be to use a

*'- spatially modulated reference beam in the formation of the
hologram. For example, the stored object al could serve as its
own reference beam by employing a beam splitter in the proper
location. Furthermore, a different object could serve as a
reference, resulting in a hetero-associative memory.

Experimental results
We have demonstrated In preliminary experiments the total

reconstruction of an image when only a partial image addressed
* the system. This was done n the single pass configuration shown

in Figure 2, which c,--nsisted of a singie image hologram, acting

as the memory eleme-,t, and a non thresholdigg phase conjugate
mirror. The hcloqram was recorded at 5145A using a Newport
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Corporation thermoplastic holoqraphic r-3mra. The phase

conjugate mirror was produced by degenerate four wave mixing in

the photorefractive crystal BaTiO 3 . The hDlcaram was qenerated

by recording the interference of an object beam, (a transparency

of four geometrical shapes Figure 3A), and a spherical diverging
reference beam at the holoaram plane. Upon 'Illuminaton of the
hologram by the object beam, cr part --f it, the diffracted beam

propagatinq in the original direction of the reference beam

becomes the probe beam for a degenerate four wave mixing (DFWM)

system. The signal generated by DFWM is the phase conjugate of

the probe, i.e. the reference beam propagating in reverse. When

the DFWM siqnal illuminates the hologram a portion of it Is

diffracted, recreating the object beam. Thus, using the input of

a partial object image (Figure 3B), merely one of the four

-- geometrical shapes, the entire object image of four shapes was
regenerated (Figure 3C). As expected, the system did not
reconstruct the object image when the input object was translated

from the original rosition at which the hologram was recorded.

This verifies that the complete output object was indeed

generated by the incomplete input object and not by any other
, beam. Grayscale images with good deta I have also been

* reconstructed with this system.

Conclusions
An all optical associative memory employing a hologram in an

optical cavity utilizing phase coniuaate mirrors has been
described and initial experimental results presented. The phase

conjugate mirrors provided nonlinear feednack, thresholding, and i
gain, improving the selectivity and stab I ity of the memory and
allowing cascading of such associa,.ive modules. The

reconstruction of an object from a partial input was
demonstrated.
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Fig. 1. Implementation of an associative holographic memory

using phase conjugate mirrors.

Fig 2. Experiment which demonstrated the ccmplete object
image reconstruction from a partial Input image.

Fig. 3. Experimental results: (A) 'image stored 'in memory;
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SUMMARY

ASSOCIATIVE MEMORY IN A PHASE CONJUGATE
RESONATOR CAVITY UTILIZING A HOLOGRAM

4 Y. Owechko, E.Marom, B. H. Soffer, and G. Dunning
Hughes Research Laboratories

% Mal ibu, Cal ifornia, U. S A.

An all-optical fully parallel associative memory system is
"described which utilizes a holographic data base. Phase

conjugate mirrors are used to provide feedback, thresholding and
memory. Preliminary experimental results are presented.

, , A large body of research work in the area of neural network
modeling has demonstrated the feasibility of associative memories
based on systems of distributed and interconnected memory

N elements with nonlinear feedback. Such associative memories have
several useful properties including the reconstruction of an
output from a partial input, heteroassociation, and relative
insensitivity to damage or modification of the individual memory
elements since data are stored globally over all the elements

* rather than locally. The self-organizing properties of randomly
interconnected neural networks with connectivity and nonlinear
feedback have been suggested for information processing
applications such as pattern recognition, image understanding,

*1 and robotic vision. The abi I ity to reconstruct a complete stored
data sequence from a partial or distorted Input "key" may have
application in rotation or scale invariant image processing.

Close examination of the Hopfield model shows that it is
S.: analogous in many respects to holography, Ahich in itself has

been utilized as an associative memory. Input binary data
vectors are multiplied by an association matrix which is formed

[. from all the stored vectors. This matrix represents a linear
transformation and is analogous to the diffraction of wavefronts
involved in recording and reading an optical hologram. We show
that this transformation Is similar to the cascaded correlation
and convolution operations involved in reconstructing a wavefront
in conventional holography. The additional features of the

I- Hopfield model which are lacking in conventional holography are
-: multiple iterations, feedback, and thresholding. These features

improve the signal-to-noise ratio and tend to force the output to
one of the stored states. The nonlinearity of an associative
memory is a key advantage over a simple correlator. It allows
the quantization of intermediate results when several stages are
cascaded. The auantization of intermediate results greatly
improves the net signal-to-nose ratio of cascaded systems

Holography has potential advantages over optoelectronic
- implementations of associative memories because of its high

_ information storage capacity and an ability to store three-
dimensional wavefronts, including bc.tl. amplitude and phase
information We discuss the slmiarties and differences between
holoaraphy and the Hopfield mDdei In additior, we show that
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nonlinear thresholding, iterative behavior, feedback, and gain

can be added to a nolcographic memory by placing the holoaram in

an optical cavity formed by two phase conjugate mirrors (PCMs)"

Such a configuration combines the advantages of holography (full

all-optical parallelism and hign information capacity) with the
nonl inear error ccrection properties of associative neural nets

such as the Hopfiela model The use of real time adaptable
memory emplovnq photcrefractive crystals is aiso aiscussed.

We have demonstrated two key features of an all optical

associative memory. First we have reconstructed a complete
2-dimensional gray scale image from a partial input, and second 1:
we stored a pair cf 2-dimensional images and reconstructed either

complete image from its associated partial input. We use a

hologram as a memory element in an optical feedback configuration
which utilizes phase conjugate mirrors. A holographic memory is
used because multiple gray scale images with large space
bandwidth products can be stored by use of angular multiplexing.

In addition the information is stored globally, and is processed
rapidly in parallel. Phase conjugate mirrors are used to provide
regenerative feedback, optical gain, and thresholding. In one -

set of experiments ^e stored a 2-dimensional gray scale image of
a person's face. We were able to recall the entire face by

addressing the system with merely a portion of the face. In

another set of experiments designed to demonstrate the system's
selectivity for multiple stored objects, we stored the two words
OPTIC and WAVES. When a portion of either word was input to the
system, for example the W, the entire word WAVES would appear at L
the output suppressing the word OPTIC. Conversely when merely a i
single letter of the word OPTIC addressed the system, the
complete word was produced at the output

..
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San Francisco, CLEO, June 1986

U

ALL OPTICAL ASSOCIATIVE MEMORY
INCORPORATING HOLOGRAPHY AND PHASE CONJUGATION

by

G. Dunning, E. Marom, Y. Owechko and B. Soffer

Hughes Research Laboratories
3011 Malibu Canyon Road

Malibu, California 90265

ABSTRACT

An all optical associative memory which incorporates

holography and phase conjugation is described. We present

'. experimental results which have reconstructed 2-D images with

grey scale and high spatial frequencies when only a partial image

was input into the system.
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TALK FOR CLEO 1986

by

G. Dunn ing, E. Marom, Y. Owechko and B. Soffer

Hughes Research Laboratories

3011 Mal ibu Canyon Road

Malibu, California 90265 -

SUMMARY

We have demonstrated an all optical implementation of an

associative memory. An associative memory is a device which when

addressed by a partial, noisy or distorted version of the stored
data generates the complete version most closely associated with

, that input. We have used a hologram as a storage medium in an

optical feedback configuration which incorporates phase conjugate

mirrors. The hologram is capable of storing multiple images and
we exploit its inherent associative property. Furthermore the
information is stored globally and is well suited to parallel

processing. The phase conjugate mirrors are used to provide

regenerative feedback, optical gain and thresholding. We have -

-' stored a 2-D image with grey scale and high spatial frequencies
d. and have been able to reconstruct the entire image by inputing

just a portion of the stored image. In additional experiments we
have demonstrated the system selecti vIty when multiple plane
wave objects were stored in memory. By using a resonator
configuration and simulating threshold behavior the system was k"

yS
able to select and reconstruct the desired stored object.

The static recording medium used i our experiments could be

replaced with real time recording medium. This would allow the

37 " "
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stored data to be updated or changed based upon the output. We

will discuss the possible applications of the device in various

V areas of.artificial intelligence, that is symbolic processing and

computation. We will present schemes which exhibit logical

decision making and Image classification.
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Holographic Associative Memory Employing Phase ConugatIon"

B H Soffer, E Marom, Y OwechKo. and G Dunning

Hughes Research Laboratories
Exploratory Studies Department

3011 Malibu Canyon Road
Malibu, California 90265

Abstract

The principle of information retrieval by asso-atlon nas teen suggested as a bas~s -

parallel computing anc s the process by whicn human memory functions Varlous asso a .
processors have been p posed that use electronic or o'tica. means Uptica' scnemes
particular, those basei on holographic principles, are we.. suited to assoc:at.ve
processing because of their high parallelism and information -:roignput Previous worerqo
demonstrated that holographically stored images can be recalled by using re'atively
complicated reference images but did not ilize non'.near feporace -o reduce the arg-
cross talk that results when multiple ob~ects 1re storei and a parlia. cr 61storted p7"

used for retrieval. These earlier approaches were im:te1 in their aci itv to recons' rc
the output object faithfully from a partial input

Introduction

We will combine the principles of holographic memories and phase conj-ugation "o imp'eme1t
a novel, all-optical holographic associative memory and symDo:ic processor An associative
memory performs image retrieval when partial or noisy image data are input to the device
The memory, a hologram, is capable of globally storing m-ltip.e three-nimensional 3 D)
objects. To improve device performance. a nonlinear interaction is obtained ty Is:ng phase

, conjugate mirrors (PCMs) whic provide retroreflection. regenerative feedbacK. thresholaing,
and amplification (See Ref 9 for a detailed discussion ) By utilizing real-time
holography, learning can be realized

We have demonstrated an associative memory capable of retrieving up to two stored images
from memory. This has been acieved by using the properties of phase conjugation gain,
threshold, and wavefront reversal. PCMs provide the necessary nonlinearity to favor the
strongest correlation between the partial or noisy input data and the associated data stored
in the hologram.

As shown schematically in Figure 1, a single hologram is simultaneously addressed by the
object and conjugate reference beams, the latter acting as tne Key that unlocks the
associated information The memory consists of a hologram in w!ticn a stored ocbe, t. a . is
written using a plane wave reerenre, b The two legs of the memory ,'on:s- of a rfre--e
leg to the left of the hologram and an object leg to tne rignt o: rie hologram Each leg

has its respective PCM A partial or distorted input object, a generates a distorted
reference beam b . This distorted reference beam is focjsed y -ne I-ns ono a threshoiding
conjugator, PCM I The adesired p'ane wave reference component b-come5 'he input to PCM I

S- PCM 1 will threshold this npit beam, then conjugate, and reie't * t: c toward the

' hologram as a partially restored reference, b This partia..y restored reference then
addresses the hologram and generates a partially restored object The ob;ect beam is
conjugated and reflected by PCM 2 bacK to the hologram (w.thout tnresnolding; Threshold:ng
is not done in this leg because desirable information would be "ost :f the image contained
gray-scale information. The round trip is then completed and the cycle repeats The image
restoration proceeds at a rate governed by the phase conjugate resonator response time

If the combination of PCM I and PCM 2 has gain comparable to the 1nsses in the system,
the output will converge to a real image of the complete stored object By using a
hologram, many objects can be stored in the hologram by using different reference waves
The memory will then select the stored object having the largest correlation with the input
object. The object and reference legs are seif-aligning with respect to the hologram
because of their phase conjugate nature There is an alignment requirement, however,
between the partial input and the stored hologram The transiational alignment accuracy
required can be reduced by utilizing a Fraunhofer (Fourier transform) hologram A possible
variation of the system would be to use a spatially modulated reference beam in the
formation of the hologram For example, an object could serve as its own reference beam by
employing a beamsplitter in the proper location Furthermore, a different object could
serve as a reference resulting in a heteroassociative memory

.7 Pr-esented at the International Optical Computing Conference, Jerusalem, Israel, July 1986
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Figure I. Implementation of all-optical associative memory

utilizing holography and phase Conjugation.

Reiated Experimental Results

Preliminary experiments have demonstrated the total reconstruction of a 2-D image when
only a partial image addressed the system. This was achieves using the single-pass
configuration shown in Figure 2, which consists of a single-image nologram acting as the
memory element and a nonthresholding phase conjugate mirror. The hologram was recorded by
using a thermoplastic holographic camera. The phase conjugate mirror was produced by
degenerate four-wave mixing in the photorefractive crystal BaTiO3 . The hologram was

*" generated by recording the interference of an object beam (a transparency is shown in
Figure 3(a) and a reference beam at the hologram plane. Upon illumination of the hologram ,.5
by the object beam, or portion of it, the diffracted beam propagating in the original
direction of the reference beam becomes the probe beam for a degenerate four-wave mixing
(DFWM) phase conjugate mirror. The signal generated by DFWM is the phase conjugate of the

probe, i e., the reference beam propagating in reverse When the DFWM signal addresses the

hologram, a portion of it is diffracted, recreating the object beam. This object beam haR

all of the information originally contained in the input image. Thus, by using the input of

a partial object image 'Figure 3(b) , a portion of the portrait, the complete object image

of the entire face is regenerated 'Figure 3(c)'. In order to address the issue of angular

multiplexing of objects, it has been demonstrated that the device can operate when two

images are superimposed on a single hologram (see Figure 4). The two words, OPTICS and

WAVES, were recorded by double exposing the hologram. Each was recorded with its own

reference wave. When a portion of either word was input to the system (for example, the W),

i'S, the entire word WAVES would appear at the output, suppressing the word OPTIC Conversely,

when just a single letter of the word OPTIC was input, the complete word was produced at the

output. The corresponding experimental results are shown in Figure 5
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Figure 2. Schematic of 2-D image gray scale experiment.

9J-

NP"

:%.

(a) IMAGE STORED (b) INCOMPLETE Wc ASSOCIATED
IN MEMORY INPUT IMAGE OUTPUT IMAGE

Figure 3. Experimentai results of 2-D gray-scale experiment.
(a) Image stored in memory. (b) Incomplete input image.
(c) Associated output image.
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*Figure 4. Schematic of multiple-image experiment.
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Figure 5. Experimental results of multiple-experiment (a) Multiple
images stored in memory. (b) Partial input image.
(c) Associated output image.
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Initial experiments demonstrated two key features of an all-optical associative memory
and processor. First, a complete 2-D gray-scale image with high spatial frequencies was
reconstructed from a partial input. In addition, system selectivity was demonstrated for
multiple stored objects by storing a pair of 2-D images and reconstructing either complete
image from its associated partial input.

In current experiments, we are investigating an associative memory capable of storing
multiple gray-level images in the complete resonator configuration with thresholding. In
addition, we are incorporating real-time photorefractive materials, e.g., LiNbO 3 , as the
main holographic memory element.
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A more extensive analysis that that given in the SPIE paper
reproduced above, leads to the following conclusions regarding
shift invariance and signal to noise. For one dimensional
objects (to compare with Hopfield vectors) we find the signal to
noise is:

S/Noise = f \/ (without nonlinearity)

where N is the number of object resolution cells N=w/d (a given

quantity); maximum allowed shift = AX=W/2 (minimum AX=W); AX is

the separation between references; output window width = AX; M

(number of objects)= FOV/AX; and f is the fraction of the input

correlated with the stored vector.

For two dimensional objects:

S/Noise = f
2 M-1

The result for the I-D S/Noise is approximately equal to that

derived in our SPIE paper for the Hopfield model. In the

Hopfield model the "zero order noise" due to the object

autocorrelations is avoided by setting the diagonal terms equal

to zero T;1 =o (as noted in our SPIE paper). In our case we avoid

it by using off-axis references. We should have superior

performance compared to Hopfield for the following reasons:

•*.2 dimensional images with gray scale are allowed and
easily implemented

' much larger N is possible

* fully optical system

' can trade off between amount of shift invariance, number
of objects, and object width

O can have good performance in many cases in single pass
configuration without thresholding due to the
correlation properties of random phase diffusers. ..
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We have made an analysis of the fundamental storage capacity

of the Holographic Associative Memory using Ewald Sphere

constructions. This analysis concentrated upon the limits due to

the wave nature of light and the finite dimensions of the

hologram and neglected the material effects of saturation,

reciprocity failure, grain noise. Some of these effects, such as

the MTF of hologram medium, were included however. A typical

result for a thin hologram, assuming an object with 50 cycles/mm

maximum frequency, X=0.5 Am and a reference beam angle excursion

of 23, is that 10 holograms can be stored. For a thick hologram

(100 Am), assuming the same parameters as above, approximately

100 objects could be stored. There is a trade-off in the thin

hologram case between the number of objects stored and the degree

of translational invariance that can be enjoyed.

Lastly work was begun to implement psuedo conjugation using

liquid crystal light valves to replace the phase conjugation of

BaTi0 3 four-wave mixing as presently employed. The use of psuedo

conjugation is possible in this application because our reference

waves are plane waves or waves simply derivable from a point

source. The possible advantage of using such a scheme ould be

speed of operation and elimination of the critical alignment of

many laser pump beams, as well as the reduction in the power

requirements of the laser source.

B. INTENSITY TO POSITION MAPPING SPATIAL LIGHT MODULATORS

The variable grating mode liquid crystal phenomena and

device, conceived and developed in this AFOSR program, in its

present state of development has too slow a response time

(typically tens of milliseconds rise time and hundreds of

milliseconds decay time) to be of practical interest for many

applications. We have been examining alternative means to

provide the very attractive processing function of mapping

spatially variant object intensity patterns to position in an
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extended Fourier space containing object intensity as an

-" additional parameter. Earlier in this program we had conceived "

and implemented a device based on the refraction of light by an

array of liquid crystal prisms whose index of refraction would be

locally modulated by the local intensity of object light falling

on an underlying photoconductive layer. This device also proved

to be too slow and the deflections too nonuniform for practical

application because of the need to employ thick liquid crystal

prisms with very nonuniform field distributions.

In this period we have begun to examine a variation of this

scheme. Instead of an actual array of physical prisms, a set of

interdigitated electrodes on a thin uniform liquid crystal layer,

again sitting atop a photoconductor layer, form a set of virtual

prisms by voltage induced index gradients whose strength depends

upon the local object light intensity falling upon the

photoconductor. The deflection that can be achieved, in either

device, depends only upon the maximum phase excursion in the

* liquid crystal. The gradient index device is expected to perform

better because of more uniform field distributions across each

pixel. This work is in progress.
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-. SECTION 3

PERSONNEL ASSOCIATED WITH THIS PROGRAM

The professional personnel associated with this research at

- HRL during this period were B.H. Soffer, principal investigator

.- and program manager, E. Marom, Y. Owechko, and G.J. Dunning.

C.C. DeAnda provided technical assistance.
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SECTION 4-PUBLICATIONS PRESENTATIONS AND PATENTS RESULTING

FROM AFOSR SUPPORT OF THIS PROGRAM

A. PUBLICATIONS AND PRESENTATIONS

1. "Approaches to Nonlinear Optical Processing in Real Time,"
presented at the International Commission for Optics
Eleventh Meeting, Madrid, 1978.

2. "Real-Time Nonlinear Optical Processing with Liquid Crystal
Devices," presented at the International Computing

4.. Conference, London, 1978.

,, 3. "Real-Time Nonlinear Processing with Halftone Screens,"
- -presented at the OSA Annual Meeting, San Francisco, 1978.

N- 4. "New Method for Real-Time Nonlinear Optical Processing,"
.' "' presented at the OSA Annual Meeting, San Francisco, 1978.

5. Invited paper presented at the Gordon Conference, Ventura,
CA, June 1980.

6. "Optical Computing with Variable-Grating Mode Liquid Crystal

Light Valves," 1980 Int. Opt. Computing Conference IOCC,
April 1980, Washington, DC.

7. "Variable Grating Mode Liquid Crystal Device for Optical
Processing and Computing," Eighth Int. Liquid Crystal Conf.,

. Kyoto, July 1980.

8. Variable Grating Model Liquid Crystal Device for Optical
Processing," SPIE Tech. Symposium, Los Angeles, February
1980.

-: 9- . "Parallel Optical Analog-to-Digital Conversion Using the
S- LCLV," High Speed A/D Workshop, Portland, OR, February 1980.

r 10. "Real-Time Parallel Optical Analog-to-Digital Conversion,
>. Optics Letters, 5, 129 (1980).

11. "Optical Logic with Variable-Grating Mode Liquid Crystal
P . Devices," Optics Letters 5, 398 (1980).

12. "Variable Grating Mode Liquid Crystal Device for Optical
Processing and Computing," Molecular Crystals and Liquid
Crystals 70, 145-161 (1981).

49



. 13. "Silicon Liquid Crystal Light Valves for Optical-Data
Processing," Integrated Optics and Millimeter and Microwave
Integrated Circuits, SPIE 317, November 1981.

14. "Intensity-to-Spatial Frequency Transformations in Optical
Signal Processing," Transformations in Optical Signal
Processing, SPIE 373 (1981).

15. "Theoretical and Experimental Polarization Properties of the
Variable Grating Liquid Crystal Structure," presented at
Annual Meeting of Optical Society of America, Orlando, FL,
October 1981.

16. "Technical Applications of the Variable Grating Mode
Effect," presented at 4th Liquid Crystal Conference,
Tbilishi, Georgia, USSR, September 1981.

17. "Real-Time Parallel Logarithmic Filtering," Optics Letters,
7, 451-453 (1982).

18. "Physical Characterization of the Variable Grating Mode
Liquid Crystal Device," presented at SPIE Los Angeles
Technical Symposium - Advances in Optical Information
Processing, SPIE, 388, January 1983. Also Opt. Eng., 22,
687-694 (1983)

19. "Sequential Optical Logic Implementation," presented at
Annual Meeting of Optical Society of America, Tucson, AZ,
October 1982. Applied Optics, 23, 3455 (1984)

20. "The Application of Silicon Liquid Crystal Light Valves to
Optical Data Processing," presented at the SPIE Los Angeles
Technical Symposium - Advances in Optical Information
Processing - SPIE, 388, January 1983.

21. "The Application of Silicon Liquid Crystal Light Valves to
Optical Data Processing: A Review" presented at Optical
Information Processing Conference II, NASA, Langley, VA,August 1983. "

22. "Liquid Crystal Optical Processing," invited keynote paper
presented at 13th European Solid State Device Research
Conference, University of Kent, Canterbury, England,
September 1983. Inst. Phys. Conf. Ser. 69, p. 121-139
(1984)

23. "Polarization Properties of the Variable Grating Mode Liquid
Crystal Device", Optics Letters 9, 171 (1984) (with
A. Tanguay et al.).
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Processing, SPIE 373 (1981).
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Effect," presented at 4th Liquid Crystal Conference,
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17. "Real-Time Parallel Logarithmic Filtering," Optics Letters,
7, 451-453 (1982).

18. "Physical Characterization of the Variable Grating Mode
Liquid Crystal Device," presented at SPIE Los Angeles
Technical Symposium - Advances in Optical Information
Processing, SPIE, 388, January 1983. Also Opt. Eng., 22,
687-694 (1983).

19. "Sequential Optical Logic Implementation," presented at

Annual Meeting of Optical Society of America, Tucson, AZ,

October 1982. Applied Optics, 23, 3455 (1984)

20. "The Application of Silicon Liquid Crystal Light Valves to
Optical Data Processing," presented at the SPIE Los Angeles
Technical Symposium - Advances in Optical Information
Processing - SPIE, 388, January 1983.

21. "The Application of Silicon Liquid Crystal Light Valves to
Optical Data Processing: A Review" presented at Optical
Information Processing Conference II, NASA, Langley, VA,
August 1983.

22. "Liquid Crystal Optical Processing," invited keynote paper
presented at 13th European Solid State Device Research
Conference, University of Kent, Canterbury, England,
September 1983. Inst. Phys. Conf. Ser. 69, p. 121-139
(1984).

23. "Polarization Properties of the Variable Grating Mode Liquid
Crystal Device", Optics Letters 9, 174 (1984) (with
A. Tanguay et al.).

-V-

,V. 50
-- -

4.'



< '24. "Pixel-By-Pixel Array Division By Optical Computing",
Submitted to Optics Letters and Accepted for presentation at
the Annual Meeting of the Optical Society of America,October 1984, and Optics Letters 10, 43 (1985).

25. "Real-Time Subtraction Using a Liquid Crystal Light Valve"
44 E. Marom. Optical Engineering.

- "26. Associative Holographic Memory with Feedback Using Phase-
Conjugate Mirrors, Optics Letters 11, 118 (1986).

27. "All Optical Associative Memory with Feedback Using Phase
Conjugate Mirrors" presented at the Annual Meeting of the
Optical Society of America, Washington, October 1985.

28. "Optical Holographic Associative Memory using a Phase
Conjugate Resonator". Proceedings SPIE Symposium on Optical
Computing, Vol. 625 pp 205-213, Los Angeles, January 1986.

v 29. "Associative Holographic Memory with Feedback Using Phase
. ,.Conjugate Mirrors". Invited paper presented at the Optical

Society of America Topical Meeting on Holography, Honolulu,
April 1986.

30. "Associative Memory in a Phase Conjugate Resonator Cavity
Utilizing a Hologram" Proceedings of the Nueral Networks for
Computing Conference, Snowbird UT, April 1986.

31. "All Optical Associative Memory Incorportaing Holography and
Phase Conjugation" Presented at CLEO, San Francisco, June
1986.

32. "Holographic Associative Memory Employing Phase Conjugation"

Proceedings SPIE Vol. 684, San Diego, August 1986 also
presented at the International Optical Computing Conference,
Jerusalem Israel July 1986.

B. PATENTS GRANTED

1. "Methods and Apparatus for Optical Computing and Logic
Processing by Mapping of Input Optical Intensities Into
Position of an Optical Image," United States Patent
4,351,589, September 28, 1982.
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